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Background  of  the  Invention 

This  invention  relates  to  magnetic  elements 
and,  in  particular,  to  semi-hard  magnetic  elements 
and  methods  of  making  same. 

As  used  herein,  the  term  semi-hard  magnetic 
element  means  a  magnetic  element  having  semi- 
hard  magnetic  properties  which  are  defined  herein 
as  a  coercivity  in  the  range  of  about  10-500  Oer- 
sted  (Oe)  and  a  remanence,  after  removal  of  a  DC 
magnetisation  field  which  magnetizes  the  element 
substantially  to  saturation,  of  about  6-9  kilogauss 
(kG).  Semi-hard  magnetic  elements  having  these 
semi-hard  magnetic  properties  have  been  used  in  a 
number  of  applications.  In  one  particular  applica- 
tion,  the  elements  serve  as  control  elements  for  the 
tags  in  a  magnetic  electronic  article  surveillance 
(EAS)  system.  A  magnetic  tag  of  this  type  is  dis- 
closed,  for  example,  in  U.S.  patent  No.  4,510,489. 

In  the  tag  of  the  '489  patent,  a  semi-hard 
magnetic  element  is  placed  adjacent  to  a  mag- 
netostrictive  amorphous  element.  By  magnetizing 
the  semi-hard  magnetic  element  substantially  to 
saturation,  the  resultant  remanence  magnetic  in- 
duction  of  the  magnetic  element  arms  or  activates 
the  magnetostrictive  element  so  that  it  can  me- 
chanically  resonate  or  vibrate  at  a  predetermined 
frequency  in  response  to  an  interrogating  magnetic 
field. 

This  mechanical  vibration  results  in  the  mag- 
netostrictive  element  generating  a  magnetic  field  at 
the  predetermined  frequency.  The  generated  field 
can  then  be  sensed  to  detect  the  presence  of  the 
tag.  By  demagnetizing  the  semi-hard  magnetic  ele- 
ment,  the  magnetostrictive  element  is  disarmed  or 
deactivated  so  that  it  can  no  longer  mechanically 
resonate  at  the  predetermined  frequency  in  re- 
sponse  to  the  applied  field. 

The  semi-hard  magnetic  elements  presently 
used  for  the  above  tags  are  formed  from  materials 
commercially  sold  under  the  tradenames  or  trade- 
marks  Arnokrome-3,  Crovac  10/130  and  Vicalloy. 
These  materials  are  crystalline  and  contain  various 
amounts  of  iron,  cobalt,  chromium,  vanadium  and 
possibly  other  constituents.  The  materials  also 
have  certain  disadvantages. 

One  disadvantage  is  that  the  materials  are 
costly.  Another  disadvantage  is  that  forming  the 
materials  involves  complicated  and  lengthy  pro- 
cessing  which  is  a  significant  factor  contributing  to 
their  high  cost. 

Generally,  this  processing  involves  many  steps 
including  multiple  rolling,  annealing  and  slitting  pro- 
cedures.  Also,  a  large  amount  of  mechanical  work 
is  required  to  reduce  the  material  thickness  into  the 
50  urn  range  which  is  the  typical  range  required  for 
the  magnetic  elements. 

The  need  for  lengthy  processing  not  only  in- 
creases  costs,  but  makes  it  more  difficult  to  control 
the  magnetic  properties  of  the  formed  magnetic 
materials.  This  leads  to  magnetic  elements  and, 

5  therefore,  tags  which  may  be  unstable  and  there- 
fore  subject  to  failure. 

U.S.  patent  4,298,862  discloses  another  mag- 
netic  tag  in  which  magnetic  elements  are  used  as 
part  of  the  tag  to  control  activating  and  deactivating 

io  the  tag.  In  the  tag  of  the  '862  patent,  a  soft  amor- 
phous  ferromagnetic  material  is  used  as  the  signal 
generating  element.  In  this  case,  the  amorphous 
material  causes  perturbations  at  harmonics  of  an 
interrogating  magnetic  field.  These  perturbations 

75  are  then  detected  to  sense  the  presence  of  the  tag. 
The  '862  patent  mentions  a  number  of  soft 

amorphous  ferromagnetic  materials  which  can  be 
used  in  the  tag  of  the  patent.  These  materials 
contain  various  constituents  including,  for  example, 

20  Fe,  Co,  Si,  B  and  P.  Also  some  of  these  materials 
are  iron  rich,  i.e.,  contain  at  least  50  atomic  percent 
iron.  The  particular  iron  rich  materials  mentioned 
are  Fe-B,  Fe-Mo-B  and  Fe-C-Si-B. 

In  the  tag  of  '862  patent,  the  magnetic  ele- 
25  ments  are  formed  as  surface  portions  of  the  amor- 

phous  ferromagnetic  material  with  the  bulk  of  the 
material  remaining  amorphous.  By  magnetizing 
these  elements,  the  amorphous  material  becomes 
biased  so  that  it  can  no  longer  perturb  the  inter- 

30  rogating  signal,  thereby  deactivating  the  tag. 
The  '862  patent  teaches  forming  the  magnetic 

elements  by  crystallizing  spaced  surface  portions 
of  the  amorphous  ferromagnetic  material  as  or  after 
the  material  is  formed  into  a  strip  or  ribbon.  Con- 

35  trollably  processing  the  amorphous  material  to  form 
these  surface  portions  is  not  easily  realisable. 
Thus,  this  technique  does  not  offer  an  entirely 
satisfactory  way  of  providing  magnetic  elements  for 
a  magnetic  tag,  nor  is  it  usable  for  tags  where  it  is 

40  desired  that  the  magnetic  control  elements  be  sep- 
arate  elements  from  the  signal  generating  ele- 
ments. 

It  is  also  known  from  an  article  entitled  "Mag- 
netization  Process  in  Devitrified  Glassy  Alloy", 

45  (R.C.  O'Handley,  et  al.,  American  Institute  of  Phys- 
ics,  1965,  pp.  3563-65),  that  magnetic  material 
comprised  of  amorphous  Cos  4  Nbio  BG  can  be 
made  semi-hard  by  annealing  the  material  to  cry- 
stallize  its  bulk.  However,  this  cobalt  rich  material  is 

50  relatively  expensive. 
It  is,  therefore,  an  object  of  the  present  inven- 

tion  to  provide  a  semi-hard  magnetic  element 
which  is  relatively  easy  to  manufacture  and  less 
expensive  than  those  presently  in  use. 

55  It  is  a  further  object  of  the  present  invention  to 
provide  a  semi-hard  magnetic  element  which  is 
stable. 
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It  is  also  an  object  of  the  present  invention  to 
provide  a  method  of  making  a  semi-hard  magnetic 
element  which  meets  the  above  objectives. 

It  is  a  further  object  of  the  present  invention  to 
provide  a  magnetic  tag  and  a  magnetic  EAS  sys- 
tem  utilizing  a  semi-hard  magnetic  element  which 
meets  the  above  objectives. 

Summary  of  the  Invention 

In  accordance  with  the  principles  of  the  present 
invention,  the  above  and  other  objectives  are  re- 
alized  in  a  semi-hard  magnetic  element  formed 
from  an  amorphous  iron-metalloid  material  which 
contains  at  least  50  atomic  per  cent  iron  and  at 
least  a  part  of  the  bulk  of  which  has  been  cry- 
stallized  such  that  the  overall  element  (i.e.,  the 
entire  element  as  bounded  by  its  outer  surfaces) 
exhibits  semi-hard  magnetic  properties.  It  has  thus 
been  recognized  in  the  present  invention,  that 
amorphous  iron  rich  alloys,  which  are  magnetically 
soft,  can  be  suitably  processed  to  crystallize  the 
bulk  of  the  alloys  in  such  a  way  as  to  provide  an 
overall  element  which  exhibits  semi-hard  magnetic 
properties,  i.e.,  a  coercivity  in  the  range  of  about 
10-500  Oe  and  a  remanence  after  magnetization  to 
substantially  saturation  exceeding  about  6-9  kG. 

In  the  method  of  the  invention,  an  amorphous 
iron  rich  material  in  as-cast  ribbon  form  is  pro- 
cessed  by  first  cutting  the  ribbon  to  provide  ele- 
ments  of  desired  size.  These  elements  are  then 
stacked  and  the  stacked  elements  subjected  to  an 
annealing  process.  Annealing  is  carried  out  at  a 
temperature  and  for  a  time  sufficient  to  cause  cry- 
stallization  of  the  bulk  of  the  material  such  that  the 
coercivity  of  the  overall  element  is  increased  to  a 
semi-hard  level.  The  resultant  annealed  elements 
thus  have  the  desired  semi-hard  magnetic  prop- 
erties. 

In  the  examples  of  the  invention  to  be  dis- 
closed  herein  below,  the  amorphous  iron  rich  ma- 
terial  used  to  form  the  magnetic  elements  has  a 
nominal  composition  of  Fezs  Sig  B13. 
Annealing  conditions  for  processing  this  material 
and  realizing  a  maximum  coercivity  are  also  dis- 
closed. 

Brief  Description  of  the  Drawings 

The  above  and  other  features  and  aspects  of 
the  present  invention  will  become  more  apparent 
upon  reading  the  following  detailed  description  in 
conjunction  with  the  accompanying  drawings,  in 
which: 

FIG.  1  shows  an  EAS  system  using  a  magnetic 
tag  including  a  semi-hard  magnetic  element  in 
accordance  with  the  principles  of  the  present 
invention; 

FIG.  2  shows  a  flow  diagram  of  the  processing 
steps  used  on  an  amorphous  iron  rich  metalloid 
material  to  form  the  semi-hard  magnetic  ele- 
ments  of  the  invention; 

5  FIGS.  3A-3D  show  representative  changes  in  the 
microstructure  of  an  amorphous  iron  rich  metal- 
loid  material  subjected  to  different  annealing 
temperatures; 
FIG.  3E  illustrates  a  graph  of  coercivity  versus 

io  annealing  temperature  for  the  amorphous  ma- 
terial  whose  microstructure  is  shown  in  FIGS. 
3A-3D; 
FIG.  4  illustrates  graphs  of  intrinsic  coercivity 
versus  annealing  temperature  of  a  sample  of  an 

is  iron  rich  amorphous  metalloid  material,  MetglasR 
2605TCA,  which  has  been  annealed  for  different 
annealing  times  in  an  N2  atmosphere; 
FIG.  5  shows  the  hysteresis  characteristics  of 
samples  of  an  amorphous  iron  rich  metalloid 

20  material  as-cast  and  after  annealing  in  accor- 
dance  with  the  invention; 
FIG.  6  shows  a  graph  of  intrinsic  coercivity 
versus  annealing  temperature  for  a  sample  of  an 
amorphous  iron  rich  metalloid  material,  MetglasR 

25  2605TCA,  annealed  in  air  for  30  minutes; 
FIG.  7  shows  plots  of  normalized  magnetic  re- 
manence  versus  annealing  temperature  for  dif- 
ferent  gaseous  environments  for  samples  of  an 
amorphous  iron  rich  metalloid  material,  MetglasR 

30  2605TCA; 
FIG.  8  shows  plots  of  temperature  versus  time 
for  various  annealing  cycles  carried  out  on  sam- 
ples  of  an  amorphous  iron  rich  metalloid  ma- 
terial,  MetglasR  2605TCA; 

35  FIG.  9  shows  normalized  remanence  and  intrin- 
sic  coercivity  for  the  amorphous  samples  an- 
nealed  in  the  annealing  cycles  of  FIG.  8;  and 
FIG.  10  illustrates  graphs  of  intrinsic  coercivity 
versus  annealing  temperature  for  samples  of  an 

40  amorphous  iron  rich  metalloid  material,  MetglasR 
2605S2,  annealed  for  different  times. 

Detailed  Description 

45  FIG.  1  illustrates  a  magnetic  EAS  system  1  in 
which  the  presence  of  an  article  1  1  in  a  zone  6  is 
detected  by  sensing  a  tag  2  attached  to  the  article. 
The  tag  2  includes  semi-hard  magnetic  element  3 
designed  in  accordance  with  the  principles  of  the 

50  present  invention.  The  semi-hard  magnetic  element 
3  is  used  to  activate  and  deactivate  an  adjacent 
signal  generating  element  4  of  the  tag  2.  The  signal 
generating  element  4  can  be  an  amorphous  mag- 
netostrictive  element  as  described  in  the  aforemen- 

55  tioned  '489  patent  or  an  amorphous  ferromagnetic 
element. 

The  EAS  system  1  further  includes  a  transmit- 
ter  5  which  transmits  an  AC  magnetic  field  into  an 

3 
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interrogation  zone  6.  The  presence  of  the  tag  2 
and,  thus,  the  article  11  in  the  zone  6  is  detected 
by  a  receiver  7  which  detects  a  signal  generated 
by  the  interaction  of  the  signal  generating  element 
4  of  the  tag  2  with  the  transmitted  magnetic  field. 

By  placing  the  semi-hard  element  3  in  a  first 
magnetic  state  (magnetized),  the  signal  generating 
element  4  of  the  tag  can  be  enabled  and  placed  in 
an  activated  state  so  that  it  interacts  with  the  ap- 
plied  field  to  generate  a  signal.  Then  by  changing 
the  magnetized  state  of  the  element  3  (from  mag- 
netized  to  demagnetized),  the  signal  generating 
element  4  is  disabled  and  placed  in  a  deactivated 
state  so  that  it  no  longer  interacts  with  the  field  to 
generate  a  signal.  In  this  way,  the  tag  2  can  be 
activated,  deactivated  and  reactivated  as  desired  in 
deactivating  and  activating/reactivating  units  8  and 
9. 

In  accordance  with  the  principles  of  the  present 
invention,  the  semi-hard  magnetic  element  3  is 
formed  from  a  soft  amorphous  iron  rich  metalloid 
material  which  has  been  suitably  crystallized 
through  its  bulk,  i.e.,  through  a  portion  or  all  of  the 
volume  defined  by  the  element.  More  particularly, 
the  soft  amorphous  material  used  to  form  the  ele- 
ment  3  includes  at  least  50  atomic  percent  iron  and 
has  been  crystallized  under  controlled  conditions 
so  that  the  crystallized  bulk  of  the  material  exhibits 
an  increased  coercivity  to  render  the  overall  ele- 
ment  magnetically  semi-hard. 

It  has  been  found  that  the  soft  amorphous  iron 
rich  metalloid  materials  used  to  form  the  element  3 
can  be  transformer  grade  materials  which  are  man- 
ufactured  and  readily  available  in  large  quantities. 
These  materials  are  manufactured  in  cast  ribbon 
form  having  thicknesses  suitable  for  use  as  the 
magnetic  element  3,  i.e.,  having  thicknesses  in  a 
range  from  20  to  50  urn. 

As  a  result,  by  selecting  a  commercially  avail- 
able  transformer  grade  material  of  a  given  thick- 
ness  to  form  the  element  3,  the  material  cost  of  the 
element  is  reduced  and  the  processing  needed  to 
produce  the  element  is  less,  since  there  is  no  need 
to  work  the  material  to  obtain  the  desired  element 
thickness.  Moreover,  the  processing  required  to 
crystallize  the  material  is  also  less  stringent.  The 
overall  result  is  a  less  costly  more  stable  magnetic 
element  3. 

FIG.  2  illustrates  the  processing  steps  which 
can  be  employed  to  produce  semi-hard  magnetic 
elements  usable  as  the  element  3.  In  a  first  step 
101,  an  as-cast  ribbon  or  strip  of  a  transformer 
grade  amorphous  iron  rich  metalloid  material  is  cut 
into  suitable  elements  of  dimension  required  of  the 
magnetic  element  3.  The  cut  elements  are  then 
stacked  in  a  second  step  102.  In  a  further  step  103, 
the  stacked  elements  are  annealed  at  a  specified 
temperature  and  for  a  specified  time  to  crystallize 

the  elements  and  realize  the  desired  semi-hard 
magnetic  properties. 

The  above  processing  can  be  additionally 
modified  to  include  application  of  a  magnetic  field 

5  during  the  annealing.  This  may  enhance  the  semi- 
hard  magnetic  properties  achieved  in  the  elements 
as  a  result  of  the  annealing  process. 

The  conditions  utilized  in  the  annealing  step 
102  depend  upon  the  specific  semi-hard  magnetic 

io  properties  (e.g.,  specific  coercivity  and  magnetic 
remanence)  desired  in  the  element  3.  In  order  to 
realize  a  maximum  coercivity,  the  annealing  tem- 
perature  and  time  must  be  suitably  selected. 

For  ease  of  illustration,  FIGS.  3A-3D  depict 
is  simplified  versions  of  the  microstructure  for  the 

crystallization  process  in  a  representative  trans- 
former  grade  amorphous  iron  rich  metalloid  ma- 
terial  after  annealing  at  various  temperatures.  De- 
tails  of  the  microstructure,  especially  at  grain 

20  boundary  areas  are  not  shown  in  the  figures.  FIG. 
3E  shows  the  coercivity  as  a  function  of  tempera- 
ture  of  the  annealed  material. 

FIG.  3A  shows  schematically  the  microstruc- 
ture  of  the  soft  amorphous  material  before  anneal- 

25  ing.  Since  the  anisotropy  energy  is  very  small  in 
the  amorphous  material,  reverse  magnetic  domains 
are  readily  nucleated  when  a  negative  magnetic 
field  is  applied  to  the  material  after  the  material  has 
been  saturated  by  a  positive  magnetic  field.  In 

30  addition,  the  magnetic  domain  walls  can  move  free- 
ly  in  the  material  due  to  lack  of  pinning  sites 
associated  with  grain  boundaries  or  precipitates. 
This  leads  to  the  soft  magnetic  behavior  of  the 
material  as  evidenced  by  its  relatively  low  coer- 

35  civity  indicated  by  the  region  a  in  the  coercivity 
characteristic  of  FIG  3E. 

When  the  amorphous  material  is  annealed  at  a 
low  temperature,  nuclei  of  a  crystalline  phase  begin 
to  form  in  the  amorphous  matrix  as  shown  sche- 

40  matically  in  FIG.  3B.  With  this  degree  of  heating, 
the  majority  of  the  material  remains  in  the  amor- 
phous  state  and  the  magnetization  reversal  process 
occurs  mainly  by  moving  the  magnetic  domain 
walls  in  the  amorphous  matrix.  However,  the 

45  formed  crystalline  nuclei  may  act  as  pinning  sites 
for  the  domain  wall  movement.  As  a  result,  higher 
field  strength  is  required  to  overcome  this  pinning 
force  in  order  to  move  the  domain  walls.  Coercivity 
is  increased,  but  since  the  size  and  number  of  the 

50  crystallites  are  small,  only  a  weak  interaction  with 
the  domain  walls  occurs.  The  increase  in  coercivity 
is,  therefore,  slight  as  evidenced  by  region  b  in  FIG 
3E. 

As  the  annealing  temperature  applied  to  the 
55  amorphous  material  is  increased,  the  crystallites 

grow  in  size  and  number  and  thus  enhance  the 
pinning  forces  for  the  domain  wall  motion.  Also,  the 
volume  fraction  of  the  crystalline  phase  is  in- 

4 
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creased.  The  magnetization  process  thus  occurs  in 
both  the  amorphous  matrix  and  the  crystalline 
phase  and  the  coercivity  is  further  increased.  The 
increase  of  coercivity  of  the  material  annealed  at 
this  temperature  is  also  due  to  the  crystalline  an- 
isotropy  of  the  crystallized  phase. 

As  annealing  temperature  is  further  increased, 
more  of  the  amorphous  matrix  is  transformed  into 
the  crystallized  phase.  The  coercivity  depends  on 
the  dimensions  and  magnetic  properties  of  the 
crystallized  phase.  These  factors,  in  turn,  are  a 
function  of  the  annealing  condition.  Therefore,  an 
optimum  annealing  condition  is  eventually  reached 
that  yields  the  maximum  coercivity  as  shown  at 
region  C  in  FIG.  3E. 

As  the  annealing  temperature  is  further  in- 
creased,  substantial  grain  growth  occurs  in  the 
material  as  shown  in  FIG.  3D.  Reverse  magnetic 
domains  are  readily  nucleated  in  these  larger 
grains  when  a  reverse  magnetic  field  is  applied, 
since  the  larger  grains  have  more  surface  areas 
that  serve  as  nucleation  sites.  This  leads  to  the 
reduction  of  the  nucleation  force  and  thus  a  de- 
crease  in  the  coercivity.  Region  d  in  Figure  3E 
indicates  this  condition. 

As  can  be  appreciated  from  the  above,  suitable 
controlling  of  the  annealing  temperature  used  in  the 
processing  step  102  of  the  invention  will  result  in 
various  increased  coercivities  and,  thus,  degrees  of 
semi-hardness  for  the  annealed  amorphous  ma- 
terial.  Also,  maximum  coercivity  for  the  material 
can  be  realized  by  appropriately  selecting  the  an- 
nealing  temperature. 

Following  the  above  principles  and  processing 
steps,  transformer  grade  MetglasR  2605TCA  and 
2605S2  materials  manufactured  by  Allied  Signal 
have  been  processed  to  form  semi-hard  magnetic 
elements  suitable  for  the  element  3.  These  Met- 
glasR  materials  have  a  nominal  composition  in 
atomic  percent  given  by  the  formula  Fezs  Sig  B13. 
Of  the  five  examples  discussed  below,  the  first  4 
examples  utilize  MetglasR  2605TCA  and  the  last 
example  MetglasR  2605S2. 

Example  1 

An  as-cast  ribbon  of  a  2605TCA  having  a  width 
of  208.3  mm  and  a  thickness  of  25  urn  was  cut  into 
elements  each  having  a  length  of  36.8  mm  and  a 
width  of  12.3  mm.  The  long  axis  of  each  element 
coincided  with  the  ribbon's  long  axis.  The  elements 
were  isothermally  annealed  at  temperatures  be- 
tween  450  °C  and  750  °C  for  3  minutes,  10  min- 
utes,  and  30  minutes,  respectively.  N2  gas  was 
used  as  the  annealing  atmosphere.  Hysteresis 
loops  were  measured  along  the  long  axis  of  the 
elements  with  a  maximum  applied  field  of  250  Oe. 

FIG.  4  shows  graphs  Bi  ,  B2  and  B3  of  the 
intrinsic  coercivity  of  the  elements  as  a  function  of 
the  annealing  temperature  for  the  different  anneal- 
ing  times.  As  can  be  seen,  the  maximum  intrinsic 

5  coercivity  of  the  annealed  semi-hard  2605TCA  ele- 
ments  was  70  Oe.  This  occurred  at  temperatures  of 
625-650°  C,  620-640  °C  and  575-600  °C  for  the 
different  annealing  times  of  3  minutes,  10  minutes, 
and  30  minutes,  respectively.  This  can  be  ex- 

io  plained  by  the  fact  that  nucleation  and  growth  of 
crystallites  involves  atomic  diffusion.  Since  the  dif- 
fusion  rate  increases  as  temperature  increases,  the 
higher  temperature  annealing  requires  shorter  time 
than  that  of  the  lower  temperature  annealing  to 

is  obtain  the  same  degree  of  crystallization. 
FIG.  5  compares  the  hysteresis  loops  of 

2605TCA  material  in  as-cast  state  (curve  Ci)  with 
the  semi-hard  element  of  the  invention  developed 
by  annealing  at  600  °C  for  30  minutes  (Curve  C2). 

20  The  as-cast  material  was  100  mm  long  and  12.3 
wide.  It  should  be  noted  that  in  the  hysteresis  loops 
of  FIG.  5,  the  demagnetizing  effect  has  not  been 
corrected. 

As  can  be  seen,  the  coercivity  of  as-cast 
25  2605TCA  was  negligible  which  is  indicative  of  a 

soft  magnetic  material.  Remanence  for  the  an- 
nealed  2605TCA  element  was  about  11  kG,  after 
correction  for  the  demagnetizing  effect,  and  the 
coercivity  was  about  70  Oe  which  is  indicative  of  a 

30  semi-hard  magnetic  element. 

Example  2 

Elements  formed  of  2605TCA  amorphous  ma- 
35  terial  and  with  the  same  dimensions  as  the  ele- 

ments  in  Example  1  were  annealed  at  temperatures 
between  525  °C  and  650  °C  for  30  minutes.  The 
annealing  was  carried  out  in  air. 

FIG.  6  graphs  the  intrinsic  coercivity  of  the 
40  elements  versus  the  annealing  temperature.  Com- 

paring  this  graph  to  the  graph  in  FIG.  4,  it  is  seen 
that  the  annealing  process  to  produce  semi-hard 
elements  can  be  carried  out  in  air  without  seriously 
degrading  the  intrinsic  coercivity  as  long  as  the 

45  annealing  temperature  is  below  about  625  °  C.  Also 
no  severe  oxidation  (i.e.,  only  surface  oxidation) 
was  found  when  the  elements  were  annealed  at 
temperatures  below  625  °  C. 

50  Example  3 

Elements  formed  of  2605TCA  amorphous  ma- 
terial  with  the  same  dimensions  as  in  Example  1 
were  annealed  at  temperatures  between  525  °C 

55  and  650  °C  for  30  minutes.  The  annealing  was 
carried  out  in  both  an  N2  atmosphere  and  air 
atmosphere.  The  remanence  of  the  elements  was 
measured  without  correction  for  the  demagnetizing 

5 
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effect.  Reduced  or  normalized  remanence  i.e.,  the 
remanence  of  a  sample  annealed  at  a  temperature 
T  divided  by  that  of  a  sample  annealed  at  a  tem- 
perature  525  °C,  was  determined.  The  results  are 
shown  in  FIG.  7.  As  this  figure  shows,  remanence 
increased  as  the  annealing  temperature  increased 
from  525  °  C  to  625  °  C  in  the  elements  annealed  in 
N2  as  well  as  those  annealed  in  air  (curves  D1  and 
D2).  Also  shown  in  curve  D3  is  the  ratio  of  the 
remanence  of  the  air  and  nitrogen  annealed  sam- 
ples  (i.e.,  the  ratio  of  the  remanence  of  the  sample 
annealed  in  air  and  the  remanence  of  the  sample 
annealed  in  nitrogen  at  the  same  temperature).  The 
results  indicate  that  the  remanence  of  the  elements 
annealed  in  air  is  similar  to  that  of  the  elements 
annealed  in  N2  within  the  temperature  range  be- 
tween  525  °C  and  625  °C.  A  substantially  flat  line 
of  remanence  ratio  versus  annealing  temperature  is 
thus  observed  in  curve  D3. 

Example  4 

Elements  of  2605TCA  each  with  a  length  of 
100  mm  and  a  width  of  12.5  mm  were  cut  from  an 
as-cast  ribbon  of  2605TCA  material.  The  elements 
were  loaded  into  a  furnace  preheated  to  500  °C, 
525  °C,  550  °C,  575  °C,  600  °C.  and  625  °C.  In 
each  case,  the  temperature  of  the  furnace  was  then 
brought  up  to  625  °C  with  a  constant  heating  rate 
of  about  8°C/minute.  The  elements  were  then 
isothermally  annealed  at  625  °  C  for  30  minutes  and 
fast  cooled  in  air  after  annealing. 

FIG.  8  shows  the  six  heating  cycles  Ei  to  EG 
corresponding  to  the  furnace  preheat  temperatures 
of  500  °C,  525  °C,  550  °C,  575  °C,  600  °C,  and 
625  °C,  respectively.  The  furnace  temperature 
drops  about  25  °C  after  loading  the  sample  ele- 
ments,  as  evidenced  by  the  curves. 

Hysteresis  loops  of  the  elements  were  mea- 
sured  with  a  maximum  applied  field  of  250  Oe. 
From  these  loops,  the  remanence  of  the  elements 
annealed  in  each  heating  cycle  normalized  to  the 
remanence  of  the  elements  annealed  in  the  first 
heating  cycle  Ei  was  plotted  and  is  shown  in  FIG. 
9.  Also  plotted  in  FIG.  9  is  the  intrinsic  coercivity  of 
the  elements  as  a  function  of  the  heating  cycle.  As 
can  be  appreciated  from  FIG.  9,  the  remanence 
increased  monotonically  as  the  preheating  tem- 
perature  of  the  furnace  increased.  Also,  the  ele- 
ments  heated  at  the  highest  preheat  temperature 
had  a  noticeable  decrease  in  intrinsic  coercivity. 

Example  5 

Elements  were  cut  from  a  ribbon  of  MetglasR 
2605S2  amorphous  material.  The  ribbon  was  12.3 
mm  wide  and  25  urn  thick.  The  elements  had  the 
same  length  as  those  used  in  Example  1.  The 

elements  were  isothermally  annealed  at  tempera- 
tures  between  475  °C  and  750  °C  for  3  minutes,  10 
minutes,  and  30  minutes  in  a  N2  gas  atmosphere. 
The  hysteresis  loops  of  the  elements  were  then 

5  measured  along  the  long  axis  with  a  maximum 
applied  field  of  250  Oe. 

FIG.  10  shows  a  graph  of  intrinsic  coercivity 
versus  annealing  temperature  for  these  elements. 
As  can  be  seen,  the  maximum  intrinsic  coercivity 

io  of  the  annealed  2605S2  material  was  85  Oe  and 
this  occurred  at  annealing  temperatures  of  650  °  C, 
650  °C  and  625  °C  for  the  annealing  times  of  3 
minutes,  10  minutes,  and  30  minutes,  respectively. 
Although  the  2605S2  MetglasR  material  has  the 

is  same  nominal  composition  as  2605TCA  MetglasR  , 
the  difference  in  the  maximum  intrinsic  coercivity 
for  the  resultant  semi-hard  elements  is  believed 
attributable  to  the  casting  process  used  to  make 
the  materials. 

20  While  the  above  examples  show  processing  of 
MetglasR  2605TCA  and  2605S2  materials  to  form 
the  semi-hard  magnetic  elements  of  the  invention, 
other  iron  rich  materials  might  also  be  employed. 
Thus,  iron  rich  materials  containing  cobalt  and  nick- 

25  el  in  a  total  amount  of  less  than  30  atomic  percent 
might  also  be  employed.  A  material  containing  one 
or  more  of  nickel  and  cobalt,  and  iron,  boron  and 
silicon,  i.e.,  the  basic  constituents  of  MetglasR, 
might  be  an  example.  A  specific  example  might  be 

30  a  material  which  contains  50  atomic  percent  iron, 
30  atomic  percent  cobalt,  and  silicon  and  boron  in 
a  combined  amount  of  20  atomic  percent.  Addition- 
ally,  materials  such  as  Nb,  Zr,  Mo,  Cr,  Ti,  V  and  No 
in  a  combined  amount  not  exceeding  5  atomic 

35  percent  may  be  included  in  the  iron  rich  material. 
When  carrying  out  the  processing  of  the  amor- 

phous  MetglasR  materials  in  the  above  examples, 
the  amorphous  materials  were  crystallized  through- 
out  substantially  their  entire  volumes  so  that  the 

40  overall  materials  were  crystallized.  However,  the 
invention  is  not  intended  to  be  limited  to  overall 
crystallizing  of  the  materials  being  processed.  Sig- 
nificantly  less  than  the  entire  volume  of  a  material 
may  need  to  be  crystallized  (e.g.,  as  little  as  about 

45  10%  of  the  volume  of  the  material  may  need  to  be 
crystallized),  as  long  as  the  overall  element  can  be 
made  to  exhibit  the  desired  semi-hard  magnetic 
properties. 

In  all  cases  it  is  understood  that  the  above- 
50  described  arrangements  are  merely  illustrative  of 

the  many  possible  specific  embodiments  which 
represent  applications  of  the  present  invention.  Nu- 
merous  and  varied  other  arrangements,  can  be 
readily  devised  in  accordance  with  the  principles  of 

55  the  present  invention  without  departing  from  the 
spirit  and  scope  of  the  invention. 

6 
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Claims 

1.  A  magnetic  element  comprising  an  amorphous 
magnetically  soft  iron-metalloid  material  con- 
taining  at  least  50  atomic  percent  iron  and  at 
least  a  part  of  the  bulk  of  which  has  been 
crystallized  to  give  the  overall  magnetic  ele- 
ment  semi-hard  magnetic  properties. 

2.  A  magnetic  element  in  accordance  with  claim 
1  wherein: 

said  amorphous  material  contains  between 
50  to  90  atomic  percent  iron. 

3.  A  magnetic  element  in  accordance  with  claim 
2  wherein: 

said  amorphous  material  is  of  the  com- 
position  FE78  Sig  B13. 

4.  A  magnetic  element  in  accordance  with  claim 
3  wherein: 

said  amorphous  material  is  one  of  Met- 
glasR  2605  TCA  and  MetglasR  2605S2. 

5.  A  magnetic  element  in  accordance  with  claim 
1  wherein: 

said  amorphous  material  has  a  thickness 
in  the  range  of  20um  -  50um. 

6.  A  magnetic  element  in  accordance  with  claim 
1  wherein: 

the  coercivity  of  said  overall  magnetic  ele- 
ment  is  greater  than  about  50  Oe. 

7.  A  magnetic  element  in  accordance  with  claim 
1  wherein: 

the  coercivity  of  said  overall  magnetic  ele- 
ment  is  at  least  an  order  of  magnitude  greater 
than  the  coercivity  of  said  amorphous  material. 

8.  A  method  of  making  a  magnetic  element  com- 
prising: 

providing  a  magnetic  element  comprised 
of  an  amorphous  magnetically  soft  iron-metal- 
loid  material  containing  at  least  50  atomic  per- 
cent  iron;  and 

annealing  the  amorphous  material  for  a 
time  and  at  a  temperature  sufficient  to  cry- 
stallize  the  bulk  of  the  material  to  give  the 
overall  magnetic  element  semi-hard  magnetic 
properties. 

9.  A  method  in  accordance  with  claim  8  wherein: 
said  amorphous  material  contains  between 

50  to  90  atomic  percent  iron. 

10.  A  method  in  accordance  with  claim  9  wherein: 
said  amorphous  material  is  of  the  com- 

position  Fezs  Sig  B13. 

11.  A  method  in  accordance  with  claim  10 
wherein: 

5  said  amorphous  material  is  one  of  Met- 
glasR  2605  TCA  and  MetglasR  2605S2. 

12.  A  method  in  accordance  with  claim  11 
wherein: 

io  said  annealing  temperature  is  in  a  range 
from  500-750  °  C; 

and  said  annealing  time  is  in  a  range  of  3 
minutes  to  2  hours. 

is  13.  A  method  in  accordance  with  claim  12 
wherein: 

said  amorphous  material  is  MetglasR 
2605TCA; 

said  annealing  temperature  is  in  the  range 
20  of  625-650  °  C; 

and  said  annealing  time  is  about  3  min- 
utes. 

14.  A  method  in  accordance  with  claim  12 
25  wherein: 

said  amorphous  material  is  MetglasR 
2605TCA; 

said  annealing  temperature  is  in  the  range 
of  620-640  •  C; 

30  and  said  annealing  time  is  about  10  min- 
utes. 

15.  A  method  in  accordance  with  claim  12 
wherein: 

35  said  amorphous  material  is  MetglasR 
2605TCA; 

said  annealing  temperature  is  in  the  range 
of  575  °  -600  °  C; 

and  said  annealing  time  is  about  30  min- 
40  utes. 

16.  A  method  in  accordance  with  claim  12 
wherein: 

said  amorphous  material  is  MetglasR 
45  2605S2 

and  said  annealing  temperature  is  at  about 
650  •C,  650  °C  and  625  °C  for  annealing 
times  of  3,  10  and  30  minutes,  respectively. 

50  17.  A  method  in  accordance  with  claim  12 
wherein: 

said  annealing  is  in  an  atmosphere  of  one 
or  more  of  an  inert  gas  and  air. 

55  18.  A  method  in  accordance  with  claim  17 
wherein: 

said  inert  atmosphere  is  one  or  more  of 
nitrogen  and  argon. 

7 
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19.  A  method  in  accordance  with  claim  12  further 
comprising: 

applying  a  magnetic  field  to  said  amor- 
phous  magnetic  material  during  said  annealing. 

20.  A  method  in  accordance  with  claim  12 
wherein: 

the  coercivity  of  said  overall  magnetic  ele- 
ment  is  greater  than  about  50  Oe. 

21.  A  method  in  accordance  with  claim  12 
wherein: 

the  coercivity  of  said  overall  magnetic  ele- 
ment  is  at  least  an  order  of  magnitude  greater 
than  the  coercivity  of  said  amorphous  material. 

22.  A  method  in  accordance  with  claim  8  wherein: 
said  material  is  of  a  given  thickness; 
and  said  method  is  conducted  exclusive  of 

any  steps  for  reducing  the  thickness  of  said 
material. 

23.  A  method  in  accordance  with  claim  22 
wherein: 

said  material  is  a  commercially  available 
transformer  grade  material  having  said  given 
thickness. 

24.  A  method  in  accordance  with  claim  23 
wherein: 

said  thickness  is  in  a  range  between  20  to 
50  urn. 

25.  A  method  in  accordance  with  claim  24 
wherein: 

said  material  is  in  the  form  of  a  flat  ribbon 
or  strip. 

26.  A  method  in  accordance  with  claim  22 
wherein: 

said  thickness  is  in  the  range  between  20 
to  50  urn. 

27.  A  method  in  accordance  with  claim  8  wherein: 
said  material  is  in  the  form  of  a  flat  ribbon 

or  strip. 

28.  A  tag  for  use  in  an  EAS  system  comprising: 
a  signal  generating  first  magnetic  element 

having  an  activated  state  in  which  the  signal 
generating  first  magnetic  element  is  able  to 
interact  with  an  applied  magnetic  field  and  a 
deactivated  state  in  which  the  signal  generat- 
ing  first  magnetic  element  is  disabled  from 
resonating  with  said  applied  magnetic  field; 

a  second  magnetic  element  disposed  adja- 
cent  said  signal  generating  first  magnetic  ele- 
ment  for  placing  said  signal  generating  first 

magnetic  element  in  said  activated  and  deacti- 
vated  states,  said  second  magnetic  element 
comprising  an  amorphous  magnetically  soft 
iron-metalloid  material  containing  at  least  50 

5  atomic  percent  iron  and  at  least  a  part  of  the 
bulk  of  which  has  been  crystallized  to  give  the 
overall  second  magnetic  element  semi-hard 
magnetic  properties. 

io  29.  A  tag  in  accordance  with  claim  28  wherein: 
said  second  magnetic  element  has  a  mag- 

netized  state  and  a  demagnetized  state  which 
place  said  signal  generating  first  magnetic  ele- 
ment  in  said  activated  and  deactivated  states, 

is  respectively. 

30.  A  tag  in  accordance  with  claim  28  wherein: 
said  signal  generating  first  magnetic  ele- 

ment  comprises  an  amorphous  magnetostric- 
20  tive  material. 

31.  A  tag  in  accordance  with  claim  28  wherein: 
said  signal  generating  first  magnetic  ele- 

ment  comprises  an  amorphous  ferromagnetic 
25  material. 

32.  A  tag  in  accordance  with  claim  32  wherein: 
said  amorphous  material  of  the  second 

magnetic  element  contains  between  50  to  90 
30  atomic  percent  iron. 

33.  A  tag  in  accordance  with  claim  32  wherein: 
said  amorphous  material  of  the  second 

magnetic  element  is  of  the  composition  Fezs 
35  Sig  B13. 

34.  A  tag  in  accordance  with  claim  34  wherein: 
said  amorphous  material  of  the  second 

magnetic  element  is  one  of  MetglasR  2605 
40  TCA  and  MetglasR  2605S2. 

35.  A  tag  in  accordance  with  claim  28  wherein: 
said  amorphous  material  of  the  second 

magnetic  element  has  a  thickness  in  the  range 
45  of  20um  -  50um. 

36.  A  tag  in  accordance  with  claim  28  wherein: 
the  coercivity  of  said  overall  second  mag- 

netic  element  is  greater  than  about  50  Oe. 
50 

37.  An  electronic  article  surveillance  system  for 
detecting  the  presence  of  a  tag  in  an  interroga- 
tion  zone  comprising: 

a  tag  comprising:  a  signal  generating  first 
55  magnetic  element  having  an  activated  state  in 

which  the  signal  generating  first  magnetic  ele- 
ment  is  able  to  interact  with  a  magnetic  field 
and  a  deactivated  state  in  which  the  signal 

8 
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generating  first  magnetic  element  is  disabled 
from  resonating  with  said  magnetic  field;  and  a 
second  magnetic  element  disposed  adjacent 
said  signal  generating  first  magnetic  element 
for  placing  said  signal  generating  first  mag- 
netic  element  in  said  activated  and  deactivated 
states,  said  second  magnetic  element  compris- 
ing  an  amorphous  magnetically  soft  iron-metal- 
loid  material  containing  at  least  50  atomic  per- 
cent  iron  and  at  least  a  part  of  the  bulk  of 
which  has  been  crystallized  to  give  the  overall 
second  magnetic  element  semi-hard  magnetic 
properties; 

means  for  transmitting  said  magnetic  field 
into  the  interrogation  zone;  and 

means  for  receiving  a  signal  resulting  from 
said  signal  generating  first  magnetic  element 
of  said  tag  interacting  with  said  magnetic  field. 

10 

15 

field;  and  a  second  magnetic  element  disposed 
adjacent  said  signal  generating  first  magnetic 
element  for  placing  said  signal  generating  first 
magnetic  element  in  said  activated  and  deacti- 
vated  states,  said  second  magnetic  element 
comprising  an  amorphous  magnetically  soft 
iron-metalloid  material  containing  at  least  50 
atomic  percent  iron  and  at  least  a  part  of  the 
bulk  of  which  has  been  crystallized  to  give  the 
overall  second  magnetic  element  semi-hard 
magnetic  properties; 

transmitting  said  magnetic  field  into  the 
interrogation  zone;  and 

receiving  a  signal  resulting  from  said  sig- 
nal  generating  first  magnetic  element  of  said 
tag  interacting  with  said  magnetic  field. 

38.  An  electronic  article  surveillance  system  in  ac-  20 
cordance  with  claim  37  wherein: 

said  signal  generating  first  magnetic  ele- 
ment  comprises  an  amorphous  magnetostric- 
tive  material. 

25 
39.  An  electronic  article  surveillance  system  in  ac- 

cordance  with  claim  37  wherein: 
said  signal  generating  first  magnetic  ele- 

ment  comprises  an  amorphous  ferromagnetic 
material.  30 

40.  An  electronic  article  surveillance  system  in  ac- 
cordance  with  claim  37  wherein: 

said  amorphous  material  of  the  second 
magnetic  element  is  one  of  MetglasR  2605  35 
TCA  and  MetglasR  2605S2. 

41.  An  electronic  article  surveillance  system  in  ac- 
cordance  with  claim  37  wherein: 

said  amorphous  material  of  the  second  40 
magnetic  element  material  has  a  thickness  in 
the  range  of  20um  -  50um  and  is  in  the  form  of 
a  strip  or  ribbon. 

42.  An  electronic  article  surveillance  system  in  ac-  45 
cordance  with  claim  37  wherein: 

the  coercivity  of  said  overall  second  mag- 
netic  element  is  greater  than  about  50  Oe. 

43.  A  method  for  detecting  the  presence  of  a  tag  50 
in  an  interrogation  zone  comprising: 

providing  a  tag  comprising:  a  signal  gen- 
erating  first  magnetic  element  having  an  ac- 
tivated  state  in  which  the  signal  generating  first 
magnetic  element  is  able  to  interact  with  a  55 
magnetic  field  and  a  deactivated  state  in  which 
the  signal  generating  first  magnetic  element  is 
disabled  from  resonating  with  said  magnetic 

9 
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